Archival formalin-fixed paraffin-embedded (FFPE) tissue samples offer a vast but largely untapped resource for genomic research. The primary technical issues limiting use of FFPE samples are RNA yield and quality. In this study, we evaluated methods to demodify RNA highly fragmented and crosslinked by formalin fixation. Primary endpoints were RNA recovery, RNA-sequencing quality metrics, and transcriptional responses to a reference chemical (phenobarbital, PB). Frozen mouse liver samples from control and PB groups (n ¼ 6/group) were divided and preserved for 3 months as follows: frozen (FR); 70% ethanol (OH); 10% buffered formalin for 18 h followed by ethanol (18F); or 10% buffered formalin (3F). Samples from OH, 18F, and 3F groups were processed to FFPE blocks and sectioned for RNA isolation. Additional sections from 3F received the following demodification protocols to mitigate RNA damage: short heated incubation with Tris-Acetate-EDTA buffer; overnight heated incubation with an organocatalyst using 2 different isolation kits; or overnight heated incubation without organocatalyst. Ribo-depleted, stranded, total RNA libraries were built and sequenced using the Illumina HiSeq 2500 platform. Overnight incubation (6 organocatalyst) increased RNA yield >3-fold and RNA integrity numbers and fragment analysis values by > 1.5-and >3.0-fold, respectively, versus 3F. Postsequencing metrics also showed reduced bias in gene coverage and deletion rates for overnight incubation groups. All demodification groups had increased overlap for differentially expressed genes (77%-84%) and enriched pathways (91%-97%) with FR, with the highest overlap in the organocatalyst groups. These results demonstrate simple changes in RNA isolation methods that can enhance genomic analyses of FFPE samples.
discovery to identification of toxicity mechanisms and precision medicine approaches for individualized care (eg, National Cancer Institute, 2016) in both nonclinical species and humans. However, there are many important technical challenges when using FFPE samples for genomic analyses, most notably low RNA recovery and quality (Bass et al., 2014; Greytak et al., 2015; Stewart et al., 2017) . Formalin fixation leads to fragmentation, crosslinking, and other biochemical modifications of RNA that decrease yield, increase variability, and limit reliability of transcriptomic analyses. To date, there have been limited efforts to improve FFPE RNA for use in sequencing.
Several recent studies have examined how preanalytical factors and RNA preparation methods influence genomic profiles obtained from FFPE samples. This work showed that RNAsequencing (RNA-seq) of FFPE samples following ribosomal RNA (rRNA) depletion can yield transcriptional profiles highly concordant with those from matched frozen samples, but that FFPE samples may vary widely in their suitability for quantitative genomic analyses based on factors such as time-in-formalin (Webster et al., 2015; Zhao et al., 2014) and age-in-block (Hester et al., 2016) . In the latter study, eg, older FFPE samples had >90% lower total gene counts and poor concordance in global differentially expressed genes (DEGs) compared with their frozen counterparts. This work emphasizes the need for better methods to assess and improve the quality of RNA from FFPE samples prior to sequencing.
Few published studies have attempted to mitigate formalininduced degradation of RNA in FFPE tissue. One study demonstrated that incubating formalin-fixed RNA oligonucleotides and total cellular RNA in weakly basic buffers following RNA isolation removed formalin adducts (Evers et al., 2011) . Another study showed that incubating FFPE RNA with a bifunctional organocatalyst during RNA isolation "demodified" damage by removing formalin adducts and reducing RNA breakage (Karmakar et al., 2015) . Although both of these approaches indicate that FFPE RNA may be improved through demodification treatments, to date no study has specifically examined RNA-seq profiles or treatment responses using these methods to quantify the extent of improvement.
The goal of this study was to investigate methods for improving the quality of RNA from FFPE samples for genomic analysis. We examined fixation effects on RNA yield, quality measures, and sequencing metrics, and we determined whether different RNA isolation and incubation protocols could enhance the genomic response detected in FFPE samples. Our results provide insight into the effects of formalin fixation on transcriptional profiles and demonstrate that modified protocols for RNA isolation can lead to improved RNA-seq data sets.
MATERIALS AND METHODS
Experimental overview. Archival samples for this work came from a short-term study in male B6C3F1 mice, described previously in Rooney et al. (2017) . Phenobarbital (PB; 99.8% purity, lot number SLBF7347V) was purchased from Sigma-Aldrich (St Louis, Missouri) and administered at 0 (Con) or 600 ppm via drinking water to 10-11-week-old mice for 7 days. PB was selected for the chemical treatment in this experiment as it is a well-studied reference chemical with known biomarkers (eg, Cyp2b10, Cyp3a11) (Elcombe et al., 2014) and transcriptional effects in the mouse liver . Mice were reared under standard conditions within an AAALAC-accredited animal facility located in Research Triangle Park, North Carolina, as previously described in Lake et al. (2016) . All procedures involving animals were approved by the U.S. Environmental Protection Agency (U.S. EPA) Institutional Animal Care and Use Committee.
At the time of collection, liver lobes were systematically trimmed, and portions of left lateral, caudate, and right medial lobes were mixed, flash frozen in liquid nitrogen, and stored at À80 C. Frozen mouse liver samples were arbitrarily selected from control (Con) and PB groups (n ¼ 6/group), divided on dry ice into 4 portions (approximately 20-30 mg each), and then preserved according to the following methods ( Figure 1 ): stored at À80 C as frozen (FR); fixed in 70% ethanol for 3 months (OH); preserved in 10% buffered formalin for 18 h followed by 70% ethanol to 3 months (18F); and fixed in 10% buffered formalin for 3 months (3F). Ethanol is a coagulant-type fixative that does not induce crosslinks and other biochemical modifications seen with formalin (Fox et al., 1985 The FR samples served as high-quality RNA controls. The 18-h fixation time (18F) was selected to recapitulate a standard protocol for clinical and experimental samples, in particular those that may be used for immunohistochemical analyses (Fox et al., 1985) . The 3-month formalin fixation (3F) was selected as an arbitrary long-term fixation scenario expected to have more severe formalin-induced RNA degradation. FFPE blocks were then stored at room temperature for up to 4 months until sectioning for RNA isolation.
RNA isolation and demodification. Total RNA was isolated from frozen (FR) liver samples following homogenization in RNAzolRT (Molecular Research Center, Cincinnati, Ohio) and then purified by RNeasy MinElute column according to manufacturer recommendations (Qiagen GmbH, Hilden, Germany). For FFPE samples (OH, 18F, and 3F), total RNA was isolated from two to four 10 mm-thick paraffin sections, which were collected with a Historange or Leica microtome under RNase-free conditions, deparaffinized (Qiagen Deparaffinization Solution, cat. No. 19093) , and digested with proteinase K prior to RNA purification using the Qiagen AllPrep DNA/RNA kit (Qiagen, cat. No. 80234), as described elsewhere (Hester et al., 2016) .
To assess whether we could improve FFPE RNA quality for sequencing, additional sections from 3F were divided into 4 demodification subgroups. Total RNA was isolated from these samples using similar but slightly modified procedures to the protocol used for OH, 18F, and 3F groups. For the first demodification group (DTAE), RNA was isolated using the Qiagen AllPrep DNA/RNA kit; however, after isolation, equal volumes of purified DTAE RNA and 2Â TRIS-acetate-EDTA (TAE, final concentration 1Â, pH 9.0; Sigma, St Louis, Missouri) were combined and incubated for 30 min at 70 C. For the second demodification group (DQ), RNA was isolated and purified using the Qiagen AllPrep DNA/RNA kit according to the manufacturer's protocol, except the 15-min 80 C incubation following proteinase K digestion and RNA supernatant transfer was replaced by an incubation for approximately 18 h at 55 C with 40 mM NaOHbuffered 2-amino-5-methylphenyl phosphonic acid (organocatalyst, final concentration 20 mM, pH 7.0; Evans Analytical Group, Maryland Heights, Missouri), which catalyzes the breakage of formaldehyde-induced aminal crosslinks and hemiaminal adducts on nucleic acids (Karmakar et al., 2015) . For the third demodification group (DP), RNA isolation was performed using the PureLink FFPE Total RNA Isolation Kit (Invitrogen, Carlsbad, California; 92008, No. K1560-02) . FFPE sections were placed in paraffin melting buffer, digested in proteinase K, and incubated for approximately 18 h at 55 C with 40 mM organocatalyst (final concentration 20 mM, pH 7.0). Following incubation, DP RNA purification proceeded as described in the manufacturer's protocol. As a control for organocatalyst treatment, FFPE microtome sections for the fourth group (NoD) were isolated exactly as for DQ, except that an equal volume of nuclease-free water (Ambion, Waltham, Massachusetts; cat. No. AM9938) replaced the organocatalyst during the 18-h incubation at 55 C.
The concentration of RNA obtained from all samples was measured using a NanoDrop 2000c, full spectrum, UV spectrophotometer (ThermoFisher Scientific, Wilmington, Delaware) and Qubit 2.0 fluorometer (Invitrogen, Carlsbad, California). Spectrophotometric-based methods calculate nucleic acid concentration indirectly through measuring UV absorbance at 260 nm; however, it cannot distinguish between measuring RNA or DNA (Thermo Fisher Scientific, 2009 and filtered for quality using EA j Q 2 Solutions ea-utils (https:// github.com/ExpressionAnalysis/ea-utils/; accessed May 20, 2017). Trimming included Illumina adapters, homopolymers at read ends, and nucleotides at read ends with Q-scores below 7. Filtering removes any read with one base at >95% frequency, homopolymers ! 4 within a read, average Q-score below 25, or length <25 bases. Reads were aligned using STAR v2.5 (parameters "-clip5pNbases 10", "-sjdbGTFfile Mus_musculus.GRCm38.84.gtf", "-quantMode TranscriptomeSAM GeneCounts") to the mouse genome using Ensembl gene annotation GRCm38 v84. QA/QC plots were generated from BAM files using Qorts v. 1.2.26 (Hartley and Mullikin, 2015) and R Core Team (2016) . Reads assigned to Ensembl IDs for each sample were analyzed using R. Ensembl IDs representing rRNA were removed from further analyses. The quantified, mapped reads were transformed to counts per million (CPM), normalized using TMM (Robinson and Oshlack, 2010) and filtered using both stringent (all samples within one of the treatment groups having at least 10 CPM) and less stringent (all samples within one of the treatment groups having at least 0.5 CPM) approaches within edgeR (McCarthy et al., 2012; Smyth, 2007, 2008; Zhou et al., 2014) . Results from the 2 approaches were, overall, quite similar. Data and discussion will focus on the more stringent analysis results. Differential gene expression analysis between Con and PB treatment groups was conducted on the normalized, filtered data independently for each of the sample conditions using the glmLRT function, which performs a Likelihood Ratio Test assuming the data follow a negative binomial generalized log-linear model (McCarthy et al., 2012) . The dispersion parameters were estimated using the empirical Bayes method for tagwise negative binomial dispersions (McCarthy et al., 2012). p-values were then adjusted using the false discovery rate (FDR) approach (Benjamini and Hochberg, 1995) . The criteria for DEGs were defined as those genes with a FDR-adjusted p-value < 0.05 and at least a 1.5-fold change in absolute value. DEG lists and associated fold changes were uploaded into ingenuity pathway analysis (IPA) Knowledgebase (Qiagen) for canonical pathway enrichment identification and Upstream Regulator and Causal Network Analysis (Kramer et al., 2014 ) with a significance a-level < 0.05. Canonical pathway p-values were converted to -log10 values. Molecule types were limited to complex, enzyme, G-protein coupled receptor, group, growth factor, ion channel, kinase, ligand-dependent nuclear receptor, other, phosphatase, peptidase, transcription regulator, translation regulator and transmembrane receptor. Hierarchical biclustering was performed in Spotfire (TIBCO Software Inc., Palo Alto, California) on pathway -log10 p-values using the UPGMA clustering method with correlation distance measure and average weight ordering. Pathway -log10 p-values and Upstream Regulator z-scores were compared between corresponding values from FR versus OH, 18F, 3F, DTAE, DQ, DP, or NoD using linear regression.
Other statistical methods. RNA-seq quality metrics and individual gene expression data were analyzed for normality and homogeneity of variance using the Shapiro-Wilk (R stats package v. 3.3.2) and Levene's tests (R car package v. 2.1-4), respectively. When one or both of these assumptions failed, tests were repeated following log-transformation of the data. If assumptions of normality and homogeneity of variance held, a 2-way repeated measures ANOVA was performed with the Holm post hoc test (R stats package v. 3.3.2). The main effects model was used for testing preservation group (FR, OH, 18F, 3F, DTAE, DQ, DP, and NoD) comparisons if the treatment (PB or Con) interaction term was nonsignificant. If there was a reasonable chance of an interaction (p-value < .1), a 1-way ANOVA was run on each treatment (PB and Con) separately comparing the preservation groups within each condition using the Holm post hoc test. Nonnormal, heteroscedastic data without preservation group and treatment interactions were analyzed by combining PB and Con data for each preservation group and conducting pairwise Wilcoxon sign rank tests between preservation groups with a Holm correction for multiple comparisons (R stats package v. 3.3.2). If there was a reasonable chance of an interaction (pvalue < .1), the pairwise Wilcoxon sign rank tests was run on paired preservation groups separated by PB and Con using a Holm correction for multiple comparisons. Statistically significant effects were identified at p-value < .05.
RESULTS
Formalin Fixation Reduces RNA Yield and Quality Tissue fixation significantly reduced RNA yields by 2.5-to 5.2-fold compared with FR (p-value < .01 for OH, 18F, and 3F). Formalin fixation for 18 h had a greater effect on yield (5.2-fold less vs FR) relative to FR than OH alone (2.5-fold less vs FR). Extended time in formalin (3 months) did not further decrease RNA yield compared with 18 h (4.5-fold less vs FR) ( Figure 2A ). Fixation also significantly impacted RNA integrity number (RIN). Formalin reduced average RIN values from 5.7 6 0.3 in FR to 2.4 6 0.2 and 1.6 6 0.1 in 18F and 3F groups, respectively, while ethanol effects on RIN were intermediate (3.7 6 0.2 for OH) ( Figure 2B ). Refer to Supplementary Table 3 for specific p-values and data summaries.
Quantification of the housekeeping gene Actb across the gene body by multiplex RT-qPCR revealed more substantial fixation-dependent group differences. All experimental groups (including FR) demonstrated reduction in Actb copies across the gene body in a 3'>5' manner. However, within each Actb amplicon there were similar and significant fixation-dependent reductions in amplifiable product compared with FR ( Figure 2C ). For Actb1, ethanol resulted in 4.6-fold fewer copy numbers, followed by 18-h formalin fixation (7.0-fold fewer) and 3-month formalin fixation (16.5-fold fewer) relative to FR. This trend was magnified with further distance from the 3' end across Actb2 and to some extent Actb3 (the amplicon closest to 5' end). However, the signal from Actb3 was quite low (near the limit of detection), resulting in much more variability and indicating little amplifiable product near the 5' end of the Actb transcript ( Figure 2C ). Refer to Supplementary Table 4 for specific p-values and data summaries.
Extended Heated Incubation Improves RNA Yield and Quality Demodification treatments had varying effects on RNA yield and quality ( Figs. 2A and 2B ). Short-term incubation in 1Â TAE (DTAE) did not improve average RNA yield (75.5-84.7 ng/ml) and RIN values (1.0 6 0.0) compared with 3F (108.7-117.5 ng/ml and 1.6 6 0.1, respectively). In contrast, extended incubation at 55 C with (DQ and DP) and without (NoD) the organocatalyst improved RNA yields by 2.8-to 3.6-fold and RINs by 1.5-to 2.1-fold ( Figs. 2A and 2B) . Addition of the organocatalyst did not provide a clear benefit to total RNA yield or RIN beyond extended incubation alone. However, the RT-qPCR results showed that use of the organocatalyst significantly improved amplification of all Actb amplicons compared with 3F ( Figure 2C ). For example, DQ and DP had 123.6-and 181.1-fold more Actb1 copies compared with 3F (3.3 6 0.8 copies), while NoD and DTAE had more modest improvements (22.8-and 19.2-fold, respectively). This trend was similar across the other 2 Actb amplicons (Supplementary Table 4 ).
Formalin Fixation Adversely Impacts RNA-Seq Metrics
Formalin fixation negatively affected a wide range of RNA-seq metrics, while ethanol fixation resulted in more limited effects. Despite depletion of rRNA prior to sequencing, 18F and 3F groups had higher levels of rRNA (10.7%-11.3% of aligned reads) compared with FR (5.0% 6 0.3%) and OH (7.5 6 0.7%) ( Figure 3A) , which was potentially due to decreased probe hybridization during ribo-depletion. Formalin fixation further increased 3' bias in gene body coverage ( Figure 3B ) but had little impact on mean % GC content which was 50.7% 6 0.3% (18F) and 51.1% 6 0.6% (3F) compared with FR (49.2% 6 0.1%).
Other sequencing metrics showed variable changes based on fixation. For instance, % read duplications increased from an average of 42.6% 6 0.5% for FR, to 51.0% 6 1.5% and 60.9% 6 3.0% for 18F and 3F groups, respectively, while the OH group (43.4% 6 0.8%) did not differ significantly from FR ( Figure 3C ). Read deletion rates (deleted bases per million mapped bases) were higher for 3F (353.4 6 23.6), 18F (177.5 6 7.0), and OH (67.4 6 2.0) groups compared with FR (49.0 6 1.7) ( Figure 3D ). Formalin fixation also influenced overall gene diversity. Notably, this effect was most apparent within PB-treated samples. For example, PB-treated samples from 18F and 3F had 26.3%-27.2% of reads mapping to the top 10% genes (genes with the most read counts), which was significantly more than FR 18.3% 6 0.4% ( Figure 3E) . A similar trend was seen across the Con groups, but the differences were not statistically significant. Formalin groups generally had fewer % reads mapping to the coding region of exons, with 18F at 37.1% 6 0.6% and 3F at 26.7% 6 2.2%, compared with FR (46.9% 6 0.5%). An opposite pattern was seen in reads mapping to the untranslated region (UTR) of exons. The FR group had 19.4% 6 0.2% reads mapped to exonic UTRs, whereas formalin groups had 31.2% 6 0.9% (18F) and 32.1% 6 1.1% (3F). Reads mapping to introns did not demonstrate an apparent pattern with a slight increase in OH samples (27.7% 6 0.5%) relative to FR (26.0% 6 0.5%) but a decrease with formalin fixation to 23.5% 6 0.7% (18F) and 25.2% 6 2.2% (3F). There was a small but significant increase in % reads mapping to intergenic regions across fixed samples (6.3% 6 0.3% for OH), 6.2% 6 0.2% for 18F, and 11.1% 6 1.4% for 3F) relative to FR (5.3% 6 0.2%). The largest formalin-induced changes in % read mapping occurred within exonic regions ( Figure 3F ). Data summaries as well as additional RNA-seq quality metrics with statistical analysis are summarized in Supplementary Table 5 .
Extended Heated Incubation Mitigates Adverse Effects of Formalin on RNA-Seq Metrics Demodification protocols improved several pre-and postalignment RNA-seq parameters compared with group 3F. Changes were most prominent in extended incubation groups (DQ, DP, and NoD), while few changes were noted in the DTAE group. DTAE, DQ, and DP groups all exhibited reduced % rRNA (8.2%-8.8%) compared with 3F (10.7%) ( Figure 3A ). All demodification groups lowered % duplication rates from 61.0% 6 3.0% in 3F to 33.5%-42.8%, which approached FR rates at 42.6 6 0.5%. Use of the organocatalyst (DQ and DP) resulted in the most substantial benefits by decreasing duplication rates to 35.8% 6 0.9% and 33.5% 6 0.8%, respectively ( Figure 3C ). DQ, DP, and NoD groups also showed reversal of the 3' bias observed across gene body coverage seen in 3F samples ( Figure 3B ). Deletion rates (deleted bases per million mapped bases) were reduce from 353.4 6 23.6 in 3F to between 173.8 and 173.8-223.8 across all demodification groups ( Figure 3D ), although these effects were statistically significant only for the organocatalyst groups (183.0 6 2.4 for DQ and 173.8 6 3.0 for DP). Although the NoD group generally showed similar results to the organocatalyst groups, one exception was gene diversity. The NoD group tended to have a higher proportion of reads (28.2% in Con and 36.5% in PB) mapping to the top 10% of genes ( Figure 3E ), although variability within preservation groups and across PB and Con treatments made these differences not significant. DQ and DP showed improvements (not significant) in gene diversity with 24.7% (Con) and 24.2% (PB) reads mapping to the top 10% of genes ( Figure 3E ). Demodification did not appear to greatly affect the variability between preservation groups across read mapping locations. There was a trend toward increased intronic read mapping across demodification groups (34.4%-40.3%) relative to 3F (25.2% 6 2.2%) ( Figure 3F ). Summary tables for sequencing quality metrics with statistical analysis are summarized in Supplementary  Table 5 .
Demodification Treatments Improve Transcriptomic Response
Quantification of mapped reads within the FR group identified 15.8 million total raw gene counts of which 20.3 6 0.1 k where unique genes. Fixation in ethanol modestly decreased counts to 14.2 million but had no effect on uniquely mapped genes (20.3 6 0.1 k). Fixation in formalin decreased total counts to 12.2 million (19.9 6 0.1 k genes detected) and 8.2 million (17.6 6 0.3 k genes detected) in 18F and 3F groups, respectively (Supplementary Principal component analysis of all DEGs revealed distinct separation of samples by Con and PB treatments, followed by sample clustering by preservation group (FR, OH, 18F, 3F, DTAE, DQ, DP, and NoD) ( Figure 4A ). The OH group clustered nearest FR, while the 3F group clustered farthest from FR. These results paralleled the DEG overlap data in that the OH group had the most DEGs in common with FR (83.5%), whereas 3F had the least (68.0%). Heatmap hierarchical clustering of all DEGs also showed a PB treatment effect with segregation of fixation groups in a pattern similar to the PCA plot. Despite differences across the fixation groups, conservation in gene expression patterns was observed ( Figure 4B ). This observation was further supported by the high agreement in magnitude and direction of DEG fold changes across OH, 18F, and 3F relative to FR (R 2 : 0.979-0.993) (Supplementary Figure 1) . We preselected 2 established PB-induced biomarkers (Cyp2b10 and Cyp3a11) and a common housekeeping gene (Gapdh) to help identify how preservation methods impact treatment-dependent biomarker and housekeeping gene expression pre-and postnormalization. We saw a significant fixation-related decrease in treatment response with an even larger time-in-formalin effect relative to FR across raw and normalized Cyp2b10 and Cyp3a11 count levels ( Figure 5 ). These fixation-dependent group changes were somewhat obscured following normalization. Fixation (OH) reduced PB-induced normalized gene counts by 14.9% (Cyp2b10) and 23.8% (Cyp3a11) compared with FR (2.3 6 0.1 and 8.8 6 1.1 k, respectively). Eighteen-hours formalin-fixed samples had lower normalized gene counts by 32.6% (Cyp2b10) and 33.4% (Cyp3a11) compared with FR, while 3F samples had slightly worse normalized gene counts, which were down by 32.6% for Cyp2b10 and 37.1% for Cyp3a11. Normalized gene counts for Gapdh were also significantly reduced across OH (14.8%), 18F (29.7%), and 3F (65.3%) groups compared with FR (241.3 6 5.7) across PB and Con samples ( Figure 5 ). The negative fixation-related effects were not necessarily conserved across all individual genes. For additional data on Cyp2b10, Cyp3a11, and Gapdh, see Supplementary  Table 9 .
All demodification treatments enhanced quantification of raw gene counts to varying degrees (9.9-12.4 million, of which 19.9-20.8 k were unique) (Supplementary Table 6 ). Use of the organocatalyst provided the greatest improvement in raw gene counts (1.5-fold) compared with 3F, whereas the organocatalyst control group (NoD) showed the least improvement (1.2-fold) (Supplementary Table 6 ). These results corroborate the cumulative gene diversity data ( Figure 3E ).
All demodification treatments increased total DEGs (218-279) compared with 3F (218) ( Table 1 and Supplementary  Table 7 ). More relevant was the improvement in overlap of DEGs with FR across all demodification treatments. All demodification groups had higher DEG overlap with FR (76.6%-84.4%) compared with 3F (62.9%). Across the overlapping DEGs, there was excellent concordance in the magnitude and direction of fold changes (R 2 : 0.976-0.989) (Supplementary Figure 1) . Demodification also resulted in lower false negatives compared with 3F (Table 1 ). The demodification groups using the organocatalyst had the highest DEG overlap with FR (79.2% for DQ and 84.4% for DP) and lower false negative DEGs (48 and 36, respectively) compared with 3F (74). NoD also had modestly higher DEG overlap with FR (76.6%) relative to 3F but showed the highest number of false positives (54) and negatives (102). Principal component analysis of the DEGs revealed clustering of DQ, DP, and NoD groups nearer 18F (within the PB and Con exposures), whereas DTAE grouped closer to 3F ( Figure 4A) . A similar pattern of clustering was observed in the heatmap ( Figure 4B ). This was slightly different than the trend seen in overlap of demodification group DEGs with FR, which would have predicted NoD to group more closely to DTAE and 3F. At an individual biomarker gene level, demodification treatments tended to show improvements compared with 3F, although in many cases these changes were not statistically significant due to variability among individual samples following normalization ( Figure 5 ). For Cyp2b10 and Cyp3a11, DQ demonstrated significant improvements in raw counts by 50.0%-60.3% relative to 3F. All demodification treatments resulted in significant improvements of raw Gapdh counts relative to 3F with DP and DQ performing the best ( Figure 5 ). Demodification treatments did not show improvements in Cyp2b10 or Cyp3a11 following normalization. Only Gapdh retained significant demodification-related improvements in DTAE, DQ, and DP (24.3%-45.1%) compared with 3F (83.8% 6 5.6%) after gene count normalization. Use of the organocatalyst improved normalized gene counts the most (45.1% and 42.8% for DQ and DP, respectively) compared with 3F ( Figure 5 ). These results varied for each gene. For additional data on Cyp2b10, Cyp3a11, and Gapdh, see Supplementary Table 9 .
Top Target Pathways Are Conserved Despite Formalin Effects Analysis of significant DEG lists identified over 300 significantly enriched canonical pathways, which showed considerable overlap between different sample conditions ( Table 2 ). The most highly enriched pathways across all preservation methods included Nicotine Degradation II, PXR/RXR Activation, Xenobiotic Metabolism Signaling, and Melatonin Degradation I (Supplementary Table 10 ). Although fixation and time-informalin did not change the top-ranked PB treatment-related pathways, it did reduce the number of total enriched pathways in common with the frozen group. Demodification treatments mitigated this effect (Table 2) . Hierarchical biclustering of thelog10 p-values for canonical pathways demonstrated that the confidence in the identified pathways was most similar between the FR, OH, and 18F samples (Figure 6 ). The samples that received demodification treatment also clustered together. Linear regression analyses showed that enriched canonical pathways were highly consistent across preservation groups and that the demodification treatments tended to produce pathway predictions slightly more consistent with that of the FR samples than 3F and NoD samples (Supplementary Figure 2  and Supplementary Table 11) .
IPA Upstream Regulator z-scores, which are based on the directionality of gene expression rather than the confidence in prediction measured by p-values, were also compared by linear regression (Supplementary Figure 3) . As with comparison of canonical pathways, top upstream regulators predicted by PB Figure 5 . Effects of fixation and demodification on individual gene expression profiles of 2 PB-induced biomarkers (Cyp2b10 and Cyp3a11) and one housekeeping gene (Gapdh) with raw count data (left) and TMM normalized count data (right). Each point and individual line on the figure represents a biological replicate (mouse) across the different preservation groups. Red dots indicate replicates from the Con exposure while blue dots indicate replicates from the PB exposure. *The results of a statistical comparison between OH, 18F, and 3F versus FR with a p-value < .05. †The results of a statistical comparison between DTAE, DQ, DP, and NoD versus 3F with a p-value < .05. Abbreviations: DEGs, differentially expressed genes; FDR, false discovery rate; PB, phenobarbital; Con, control, TMM, weighted trimmed mean of the log expression ratios. (Refer to online figures for clarity) treatment across preservation methods were highly similar when ranked by p-value and included several well-recognized PB responsive receptors such as Nr1i2, Rxra, and Nr1i3 (Supplementary Table 12 ). Linear regression of z-scores demonstrated that the demodification groups yielded upstream regulator predictions closer to that of the FR than did the 3F and NoD samples (Supplementary Table 11 ). Furthermore, causal network analysis independently identified PB as the top regulator controlling gene expression when sorted by p-value (Supplementary Table 13 ).
DISCUSSION
Improved methods are needed to expand molecular analyses of archival formalin-fixed tissue samples. The goal of this study was to evaluate techniques for enhancing the quality of FFPE RNA used in genomic analyses. Our findings characterize negative effects of short-and long-term formalin fixation on RNA quality and RNA-seq results at a gene, whole genome, and pathway level. Incorporation of overnight heated incubation with an organocatalyst during FFPE RNA isolation partially reversed the adverse effects of formalin fixation by improving RNA yield and quality across numerous sequencing metrics, including higher gene counts and improved DEG and pathway-level enrichment with FR control. These results demonstrate several relatively simple procedures that can be incorporated into standard FFPE RNA isolation kit protocols to improve RNA-seq data and genomic analyses of archival samples; that limiting formalin fixation time to 18-24 h will minimize formalin-induced damage of RNA resulting in improved genomic analyses results when using FFPE samples; and, finally, when considering poorer quality FFPE samples for transcriptional analysis, careful consideration should be taken to identify the kind of data needed from the samples.
Formalin has been the most widely used tissue fixative since the early 1900s, primarily due to superior preservation (less distortion) of tissue morphology compared with alcohol fixatives (Fox et al., 1985) . However, many of the same biochemical features that make formalin the preferred fixative for histopathology create unique challenges for retrospective molecular analyses. Our results show that formalin fixation significantly decreased RNA yields and quality in a time-dependent manner, consistent with previously published work (Chung et al., 2008; Masuda et al., 1999; von Ahlfen et al., 2007) . These effects are likely due to a combination of formalin-induced hydroxyl methyl adducts, methylene bridges, and other biomolecular crosslinks, in addition to nucleic acid fragmentation (Evers et al., 2011; Masuda et al., 1999) . Sequencing overcomes many of the historical problems associated with RNA fragmentation but may still be limited by formalin-induced covalent modifications. In this study, formalin fixation increased % rRNA sequenced, sequencing error rates (deletions), and overall variability across samples. The formalin-induced bias toward intronic and intergenic read mapping and greater 3' gene body coverage also supports the observed reductions in gene diversity seen with increased time-in-formalin. This shift in read mapping from exonic to intronic and intergenic regions with formalin fixation appears to be a common feature of 2014; Hester et al., 2016; Morlan et al., 2012; Webster et al., 2015) and may be due to fixation of premRNA processing machinery (ie, small nuclear ribonucleoproteins) leading to a higher abundance of unprocessed mRNA in FFPE samples contributing to fewer mapped reads. Other RNA-seq effects specific to formalin fixation included increased duplication rates within reads and reduced gene diversity. These findings document specific factors contributing to losses in gene detection and DEG identification in formalin-fixed samples.
The use of TAE buffer (DTAE) as a demodification treatment provided mixed results. Initially, it appeared to worsen RNA-seq results relative to 3F based on technical and global presequencing and postsequencing quality metrics. These findings contrasted with previous literature citing its potential benefits, which included reduced formalin fixed tissue or cellular RNA fragmentation based on gel electrophoresis of RT-PCR (Masuda et al., 1999) and Agilent 2100 Bioanalyzer (Evers et al., 2011) , increased amplifiable formalin-fixed cellular RNA based on RT-qPCR (Evers et al., 2011) , and reversed formalin-fixed oligo RNA modification as indicated by mass spectrometry (Masuda et al., 1999) and Agilent 2100 Bioanalyzer (Evers et al., 2011) . However, these benefits of TAE were not evaluated using RNA-seq. At a gene and pathway level, DTAE did provide improvements in DEG and significant canonical pathway overlap with FR compared with the overlap of 3F with FR. These somewhat dichotomous results are likely due to increased fragmentation of FFPE RNA from the high temperature incubation, resulting in the lower RIN values, along with increased removal of adducts (Evers et al., 2011; Masuda et al., 1999) , resulting in more amplifiable RNA and DEG-level detection.
The other demodification treatments (overnight incubation 6 organocatalyst) improved sequencing results at most levels, from RNA to gene and pathway. The simple addition of an extended incubation at 55 C markedly increased RNA yield, which may be an important limiting factor for smaller fixed samples such as tissue cores or biopsies or older FFPE samples with highly fragmented nucleic acid. Further studies are needed to evaluate whether this simple step also improves DNA yields from FFPE sections. The extended incubation also increased RNA integrity (RIN), although this measure does not necessarily indicate the amount of amplifiable RNA. Multiplex RT-qPCR revealed that while extended incubation increased amplifiable Actb RNA to some extent (approximately 1-to 23-fold depending on the location of the Actb amplicon), use of the organocatalyst increased amplifiable product much more substantially (25-to 150-fold depending on the location of the Actb amplicon). Of note, Karmakar et al. (2015) also reported enhanced yield of amplifiable RNA from FFPE samples (approximately 5-to 5.5-fold across 3 different genes) following an 18-h incubation at 55 C compared with standard kit conditions, and similar to this study, found even greater yields (approximately 7-to 25-fold) with inclusion of the organocatalyst compared with standard kit conditions, particularly for longer amplicons (Karmakar et al., 2015) . Possible reasons for this latter difference may relate to the proposed mechanism of the organocatalyst. Although extended heating likely helps free up covalently bound nucleic acids, the bifunctional nature of the organocatalyst allows for reversal of formaldehyde-induced aminal crosslinks and hemiaminal adducts by both general acid catalysis and nucleophilic catalysis (Karmakar et al., 2015) . When only looking at RNA yield (quantified by NanoDrop/ Qubit), RNA quality, and typical global RNA-seq quality metrics (% rRNA, error rates, read mapping, gene body coverage), organocatalyst treatment appeared to show little if any improvement over extended incubation alone. The primary exceptions were the RT-qPCR and gene diversity results in which the NoD group had less quantifiable Actb mRNA and reduced mapping of reads to diverse genes, which was not seen in groups that used the organocatalyst (DQ and DP). Benefits from use of the organocatalyst were most evident at the gene level. Improvements included significantly higher gene detection and gene diversity; higher DEG overlap with FR including reduced potential false negative DEGs; and better pathway concordance with FR, enhancing enriched signaling pathway results. These results were not always apparent at the individual gene level and biomarker level.
Although extended formalin fixation had clear adverse effects on RNA, the overall quality of RNA-seq data in the 3-month formalin fixation group was still markedly better than that reported previously for older FFPE samples. For example, in Hester et al. (2016) , 21 year-old FFPE samples had 67% fewer genes detected, 88% fewer reads aligned to the transcriptome, and no concordance in enriched pathways compared with frozen sample pairs. In this study, there were 13% fewer genes detected, 34% fewer reads aligned to the transcriptome, and relatively high concordance in treatment responses on biomarker genes and top signaling pathways between FR and 3F groups. This difference may have resulted from several factors, including the relatively young age of the FFPE samples used here ( 4 months in block) and the fact that the tissue samples were frozen before fixation, which may have negated potential formalin effects occurring at the time of fresh tissue fixation. However, there was still evidence of transcriptional artifacts induced by embedding and increased time in formalin, which was apparent in the false negative and false positive DEGs identified in OH, 18F, and 3F groups relative to fresh frozen tissue. Demodification reduced transcriptional artifacts, but future studies are needed to further improve FFPE protocols and investigate effects of demodification procedures in older, lower quality FFPE samples fixed at the time of collection. There is increasing emphasis on the use of mechanistic pathway-based information in toxicology, environmental health, and biomedical science (eg, Dijkstra et al., 2016; Simon et al., 2014) . This focus is supported by recent efforts to better integrate genomic biomarkers into risk assessment and clinical decision-making. Sequencing technologies now provide unprecedented access to genetic and transcriptomic information, but improved approaches are needed to relate these molecular changes to corresponding pathologic outcomes. Information from this study should enhance use of archival tissue resources and improve quality of RNA-seq data from FFPE and other types of challenging samples. Future applications of this work include data mining, biomarker development, and quantitative models that link transcriptomic data with health outcomes of interest.
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